INTRODUCTION
In the past two decades, molecular investigations of systematic problems have progressed from uncommon curiosities to a standard means of elucidating phylogenetic history. This relatively sudden rise of biochemical systematics has precipitated predictable debates between the traditional morphological and the new molecular camps. Despite warnings about potential pitfalls of each approach by proponents of the other, few attempts have been made to examine the degrees of conflict and consensus between these techniques over the large and rapidly accumulating myriad of comparative studies.
A primary objective of phylogenetic studies is to reconstruct the evolutionary history of a group of organisms. Because the organisms under study have a single history, systematic studies of any set of genetically determined characters should be congruent with other such studies based on different sets of characters in the same organisms. Congruence between studies is strong evidence that the underlying historical pattern has been discovered; conflict may indicate theoretical or procedural problems in one or both analyses, or it may indicate that additional data are needed to resolve the phylogenetic relationships in question.
In this review, I first outline the advantages of both morphological and molecular approaches to systematics. I then discuss some common differences in assumptions and methods of analysis that can lead to spurious conflict between studies, especially those concerning phylogenetic reconstruction. A major impediment in comparing the two approaches is that 23 0066-4162/87/11 20-0023$02.00 by taxonomic group, and over half the sequence data has been obtained from fewer than 10 species. Of eukaryote nuclear sequences, 74% have been obtained from vertebrates; mammalian sequences alone account for 64% of the total, and sequences from one species, Homo sapiens, represent 30% of the eukaryote data base. Advances in DNA sequencing technology undoubtedly will result in a tremendous increase in the DNA sequence data base, which represents the largest possible set of characters for systematic analysis.
PHYLOGENETIC LIMITS In principle, neither molecular nor morphological methods are limited by phylogenetic scale in their application. In practice, however, few morphological characters are shared among major groups of organisms (eukaryotes versus eubacteria, for instance). In contrast, biomolecules provide a phylogenetic record from very recent time to the origin of life on Earth, because of the size and diversity in rates of change of different portions of the genome (15, 111).
Among the most rapidly evolving DNA sequences are those found in the mitochondria of eukaryotes (mtDNA) (6, 15, 16). Studies of mtDNA have been useful for studying population phylogeny within species (5, 7, 20, 80), as well as for recovering phylogenies of closely related complexes of organisms (17, 130). In addition to mtDNA, allozymes have been widely used to detect cryptic species and to recover phylogenies of morphologically similar organisms (4, 19, 70). In some cases, reproductively isolated species are morphologically nearly or completely indistinguishable; their reproductive isolation became clear to systematists only after they were studied by molecular methods (35, 36, 61, 70, 71, 73, 74).
On the other end of the phylogenetic spectrum, some gene sequences that are involved in basic life processes evolve so slowly that homologies can be established throughout living organisms. Chief among these are the ribosomal RNA genes (rDNA), which have been used to reconstruct the basic outlines of organic evolution (111) . Numerous other DNA sequences evolve at intermediate rates between mtDNA and rDNA, so that virtually any level of phylogenetic question can be addressed by choosing the correct molecular segments. In addition to the coding regions, some gene arrays contain a diversity of transcribed and nontranscribed spacers that provide a record of evolutionary history from very recent to ancient times (67, 68).
EXTENT OF NONHERITABLE VARIATION In order for comparative data to be useful for phylogenetic reconstruction, the characters under study must represent heritable variation. Environmental influences on the phenotype must be sorted from genetic variation. For some groups, environment seems to have little influence on phenotype, but for other groups the effects of environment are great (see 2, 79, 88, 108). Although methods have long been in use for estimating heritability (39, 109, 117, 134), in many cases the effects of environment are simply assumed to, be minimal unless shown otherwise.
Although nonheritable variation is primarily a problem of morphological characters, some molecular characters can be confounded by this problem as well. Although DNA sequence data are nearly or completely free of nonheritable variation, the expression of gene products can be affected by environment (e.g. see 71). In addition, molecular analyses can be affected by degradation of the gene products over time due to inadequate or inappropriate storage (32). In general, however, biomolecular data are confounded less by environmental influences than are morphological data.
Advantages of Morphological Methods
APPLICABILITY TO MUSEUM SPECIMENS One of the greatest advantages of morphological over molecular approaches to systematics is the much greater applicability of the former approach to the extensive collections of preserved specimens in museums. Although some molecular information can be obtained from traditionally preserved specimens (114, 132), the majority of molecular techniques require fresh or cryopreserved material (31). For many groups of poorly known organisms, the only known specimens of many species are represented merely by the holotype or type series. Collecting additional material can be prohibitive because of rarity of the species, inaccessibility of the habitat, destruction of known collection localities, legal protection of the habitat or species, or high costs of procurement. A high percentage of recently extant species have been exterminated in this century by human activities, especially through the destruction of tropical rainforests (97). Because of this high extinction rate, a majority (or at least a large fraction) of described species may never be collected again and will remain known only from traditionally preserved specimens.
Efforts to establish and maintain collections of cryopreserved specimens have increased dramatically. A recent review of frozen tissue collections lists nearly 100 such collections in 18 countries throughout the world (30). However, unlike traditional museum collections, material is rarely "loaned" from frozen tissue collections, primarily because tissues are modified and usually destroyed during analysis. A more satisfying solution is beginning to appear with the establishment of gene libraries that have been cloned into bacterial cultures. Gene libraries can be stored indefinitely and can be shared by any number of researchers. It is surprising that the systematics community has done virtually nothing to encourage the proliferation of such collections, considering that gene libraries can contain an inexhaustible record of virtually all genetic information about an organism. APPLICABILITY TO FOSSIL SPECIES Paleontology always has been primarily a morphological endeavor, and the low percentage of biomolecules that are preserved in fossils ensures that this will continue -to be the case. The special importance, or lack thereof, of fossils to phylogenetic reconstruction has been debated extensively (26, 27, 41, 59, 103, 112, 120, 141) . Whether or not fossils provide any special insights into phylogenetic history, at minimum they represent a set of taxa that provides potential information about evolution. This information is nearly limited to morphological analysis. Moreover, an understanding of morphological variation in fossils requires an understanding of the morphology of living species. Obviously, the ability to incorporate relevant information from fossils is a great advantage of morphological analyses.
Although relatively little molecular information has been obtained from extinct species, a few molecular techniques have been applied with considerable success to well-preserved fossil specimens. DNA has been cloned from skins of recently extinct species (62), from Egyptian mummies (110), and from human brain tissue buried underwater for 8000 years (33). Some structural proteins, such as collagen, are extremely stable and can be analyzed from recent fossils (3). Analyses of collagen have been conducted on humanoid remains as old as 1.9 million years (82). However, except in unusual circumstances, most fossils remain within the domain of morphological study. The argument over outgroup versus ontogeny criteria has not involved molecular systematists, because most molecules lack ontogenetic development. Gene sequences are either present or absent; timing of protein expression may vary, but for the most part proteins go through little ontogenetic change. Some proteins (e.g. the components of hemoglobin) are encoded by multiple genes that are expressed at different times during development (37), but this information is of limited use in character analysis. On the other hand, HILLIS morphological ontogeny is under genetic and epigenetic control, so advances in developmental genetics should help clarify the ontogeny question. Nevertheless, use of ontogenetic information in systematics is likely to be largely restricted to morphological systematists for some time.
COST
A major obstacle to increased use of molecular techniques in systematics is cost. Although modem morphological methods can be expensive, some morphological data can be collected with minimal expenditures on supplies and equipment. The greatest barrier for molecular systematists probably is the initial set-up of a laboratory. Costs vary by specific discipline, but most molecular laboratories require tens of thousands to hundreds of thousands of dollars to establish and maintain. Because systematics is a relatively poorly funded subdiscipline of biology (81), these costs can be prohibitive. However, the value and need for molecular data in systematics is recognized (128), in spite of the expense.
CONFLICT
Conflict between morphological and molecular studies of phylogeny may be spurious or real. Reasons for spurious conflict include differences in assumptions about the evolutionary process and differences in methods of analysis. However, if the methods of analysis of two studies are the same and are appropriate for both, but results from the two studies differ, then the conflict can be considered real.
Differences in Assumptions RATES OF CHANGE
Change within monophyletic groups, whether morphological or molecular, obviously is positively correlated with time, even though some individual lineages may remain more or less static (in morphology and/or biochemistry) throughout much of their history (9, 38, 54). However, the degree of constancy of change through time is a point of considerable debate (13, 51, 131, 136). This debate relates to phylogenetic reconstruction in two important ways: (a) Are rates of change constant enough that they can be assumed a priori to be equal for purposes of analysis, and (b) are rates of change constant enough that a "clock" model can be applied to dating lineage divergence?
Systematists have answered negatively to both of the above questions as they relate to morphology, but molecular systematists are split in their answers to these questions as they relate to molecules (131). Early proponents of molecular systematics were mostly proponents of a molecular clock (98, 119, 142), so in the minds of many, the data base and the assumptions about equal rates of change have become closely linked. However, many recent molecular systematists have taken a more conservative approach and have chosen methods of analysis that do not assume constant rates of change (e.g. 8, 11, 19, 52, 65, 90, 96, 111). Such methods are applicable to rate-constant as well as rate-variable data, and in fact provide a potential test of the molecular clock hypothesis.
A considerable number of studies have begun to accumulate that address the predictive value of the correlation between time and molecular divergence. A recent review by Britten (13) shows that average rates of DNA change-through-time differ by a factor of five in some of the monophyletic groups thus far studied. Because this represents a comparison of average changes between groups, the disparity between the slowest-evolving lineages and the fastest-evolving lineages must be even greater. Moreover, rates of change of different portions of the genome are decoupled; for instance, average rates of divergence of nuclear and mitochondrial DNA may be similar or very different within a particular lineage (136) . Gillespie (51) has shown that methods that have been used to assess the fit of data to molecular clock models have tended to mask the variability in rates of molecular evolution. When the masking effect is removed, molecular evolution appears to be highly episodic (51). These studies suggest that molecular clock models have limited predictive value.
Assumptions of a molecular clock have produced considerable spurious conflict between morphological and molecular data for two reasons. As discussed in a later section, this assumption has influenced the methods of tree construction that have been selected to analyze molecular data. In addition, in an attempt to relate molecular data to time since divergence, many molecular systematists have converted character-state data into single numerical summaries, or "genetic distances." Unfortunately, such conversions usually result in considerable loss of information, and the formulation of genetic distances is a point of extensive debate (19, 42, 58, 63, 92, 131, 133). Additionally, most distance measures have attributes that make them unacceptable for use in phylogenetic analysis (42, 63).
Much of the apparent conflict between molecular and morphological studies of phylogeny appears to be directly or indirectly related to a priori acceptance of the molecular-clock hypothesis. Several studies have shown consensus of morphological and molecular data when the restrictions of this hypothesis were removed, even though the data sets initially appeared to be in conflict (65, 90, 91). The existence of such examples should be sufficient to demand the use of rate-independent methods of analysis. SPECIES CONCEPTS Although differences among systematists in their species concepts have had little effect on phylogenetic analyses, these differences have contributed to the view that molecular and morphological data are in conflict. The problem stems primarily from the requirement by some systematists that "acceptable" species should be morphologically distinct, and the converse view by other systematists that species should exhibit some minimal level of genetic divergence (10, 18, 57, 87). Both views clearly are typological, and historically distinct evolutionary lineages may not show any particular level of divergence at either the morphological or molecular level. Complete reproductive isolation (a sufficient, though not necessary, condition of most species concepts) can be achieved by simple changes that may not affect morphology or a particular measure of genetic divergence (49, 107, 135, 140). Therefore, disagreement among morphological and molecular systematists over species definitions usually represents a disagreement of typology rather than fact. (129) have argued that the effects of small sample sizes on presence/absence studies are potentially much greater than on analyses of genetic distances, and they have proposed a novel method for analyzing polymorphic characters. The commonest argument against small sample sizes is the relatively high probability of not observing polymorphic characters that occur in relatively low frequency (129). However, in many species allozymic variation is partitioned mostly among, rather than within, local populations (122). Therefore, a strategy of collecting small samples from throughout the range of a species is likely to encompass a greater proportion of allelic diversity than is the strategy of collecting a large sample from a single locality (19).
Differences in Design and Methods of Analysis
The problem of missing some alleles at polymorphic loci due to small sample sizes will have a strong effect on phylogenetic analyses only if polymorphic synapomorphies (that is, synapomorphies that are not fixed within the defined group of species) are relatively common compared to fixed synapomorphies. In fact, studies that have expressly distinguished fixed from polymorphic allozymic synapomorphies have found fixed synapomorphies overwhelmingly more common than polymorphic synapomorphies (e.g. 35, 65). An example of the effect of small sample sizes in phylogenetic analyses of allozymes can be drawn from an allozymic study of the lizard genus Pholidobolus (65). In this study, 29 gene loci were examined among 8 species of lizards: 5 species of Pholidobolus (the ingroup) and 3 species of Proctoporus (the outgroup). Sample sizes varied depending on the rarity of the species, from a single individual of Ph. annectens (which is known from only a few specimens) to 20 individuals from 5 populations of Ph. montium. In total, 57 specimens were examined, and a single shortest cladogram was derived from the data. If only single specimens from each species had been examined, the study would have required only one-seventh the cost in materials and time for data collection. What was the benefit of this seven-fold increase in cost? There are few enough samples and taxa in this example that an assessment based on exhaustive individual sampling is possible. There are 100,800 possible combinations of individuals of each species that can be examined from the complete data set. I have analyzed all of these combinations, and 100% produced the same cladogram topology as did the full data set (Figure 1) . Of the 24 synapomorphies described in the original study (65), only 2 differed among the 100,800 combinations of individuals. Furthermore, in 40,320 combinations (40%), all of the same synapomorphies were found; 2 synapomorphies were lost in only 14,112 combinations (14%).
The above example demonstrates that increased sample sizes and increased geographic representation of samples (as well as accompanying increased expense) do not necessarily translate into increased phylogenetic information in allozymic studies. However, as the ratio of fixed to polymorphic synapomorphies decreases, so does the need for increased sample sizes. Some gene sequences are known to evolve in a concerted fashion, so that polymorphic states are rapidly fixed within species (34). In such sequences, polymorphisms are restricted to single species, because rates of fixation generally exceed rates of speciation (25). Sequences that evolve in this concerted fashion are ideal for phylogenetic reconstruction, because polymorphic synapomorphies are rare or absent, which thus justifies the use of small sample sizes (67). It is clear more examples must be studied to determine the extent of polymorphic synapomorphies in a variety of organisms. TREE CONSTRUCTION A common reason, discussed earlier, for spurious conflict between morphological and molecular studies is the use of ratedependent methods of analysis. In recent years, methods of tree construction for the purposes of producing phylogenetic hypotheses have proliferated rapidly. For the purposes of discussing spurious conflict between studies, I divide these methods of tree construction into rate-dependent and rateindependent methods. Rate-dependent methods are much more likely to produce spurious conflict than are rate-independent methods (65, 90, 91). Tree construction techniques can be rate-dependent for two distinct reasons: (a) a rate-dependent clustering algorithm; or (b) a rate-dependent rooting algorithm. It is widely recognized that rate-dependent clustering algorithms, such as the unweighted pair-group method of arithmetic averages (UPGMA; 126), are inappropriate for reconstructing phylogenies (40). Nonetheless, many molecular systematists use UPGMA trees to summarize average genetic distances among taxa; they often are careful to note that the clustering of taxa does not represent an hypothesized phylogeny (e.g. 65). However, the method is easily abused because of its computational simplic-ity, and many biologists seem to be unaware of the limitations of the resulting phenograms (e.g. see the conclusions in 75 and 137 as criticized in 50 and 66).
Numerous methods have been developed that avoid rate-dependent clustering problems by producing an unrooted network of taxa that can be connected by branches of varying lengths (65). In order for these networks to be interpreted in a hierarchical fashion, they must be directed or "rooted." Many systematists assume that because network construction is rate-independent, trees that are rooted from such networks are also free of rate assumptions. However, a common method for rooting trees in molecular studies, midpoint rooting, requires an expressly rate-dependent assumption (65) . If the assumption (viz. that average rates of change between the most diverse taxa are equal) is not true, then the rooted tree may be a poor representation of phylogeny (65). Other methods, such as outgroup (43, 84, 138) and Lundberg rooting (83, 89) are rate-independent and are much less likely to produce spurious conflict among data sets. Because of this phenomenon, the use of midpoint rooting algorithms should be consciously avoided.
Differences in Results
Real conflict of results among studies requires methods that can be used to reconcile the differences. Two primary approaches have been developed to deal with conflicting phylogenetic data: consensus techniques and combination techniques. Consensus techniques emphasize stability and common information, whereas combination techniques emphasize descriptive power and global parsimony (95). veloped (1, 85, 105, 106, 113) . The most commonly used methods are Adams consensus (1), strict consensus (105), and majority consensus (85). The first two approaches are contrasted in an example in Figure 2 . In an Adams consensus tree, conflicting clades are collapsed to the first node of agreement between the competing phylogenetic hypotheses. Adams consensus trees are useful for identifying taxa that are responsible for conflict (47). However, this technique can result in trees that are not indicative of any of the original cladograms (Figure 2) . Strict consensus trees consist of groups of species that are defined by every data set and represent the most conservative method of reconciling conflicting phylogenetic data. Majority consensus is similar to strict consensus but identifies monophyletic groups recognized in the majority (rather than all) of the competing hypotheses of relationships.
Several methods of constructing consensus cladograms have been de-
Miyamoto (95) has criticized consensus approaches because they do not take into account the relative strengths of support for various groups by the different data sets. Furthermore, he argued that consensus trees do not represent parsimonious solutions to character transformation and thus they sacrifice considerable descriptive power. The alternate approach, namely combination of data sets for reanalysis, has the advantages of greater information content and global parsimony (95). However, some morphologists (e.g. 76) have argued that this approach biases the results in favor of molecular data because of the great number of character states in many molecular studies (e.g. DNA sequences). Theoretically, it is possible to weight characters in combined data sets according to their complexity or probability of evolving, but in practice this is largely a subjective procedure. An example that contrasts consensus and combination techniques is presented in Figure 3 . This example is drawn from allozymic, morphological, and karyological studies of frogs of the Eleutherodactylus rugulosus group (94). Figure 3 shows the relationships of species held in common among these studies as supported by each data set. As shown by the consensus cladogram, all three data sets support the monophyly of two clades: one consisting of E. taurus, E. rugulosus, and E. punctariolus, and the other consisting of E. fleischmanni, E. angelicus, and E. escoces. However, different relationships are suggested within each of these groups by the morphological and allozymic data (the karyological data are uninformative beyond the support of the two groups). The consensus tree summarizes the information that is common to all data sets and therefore ignores portions of the tree for which conflicting data are available. In contrast, the combination of data sets results in an evaluation of the strength of the conflicting data, and it resolves the tree in favor of the strongest information. In this case, the tree is resolved in favor of the morphological information.
Both consensus trees and combined trees provide useful information when conflicting data sets need to be evaluated and reconciled. When used simultaneously, as in Figure 3 , the two approaches immediately contrast the information in common and the relative strengths of the data sets. Classifications are best based on information in common among multiple data sets (i.e. consensus trees), whereas the best estimate of phylogeny and best estimate of character evolution are represented in the analysis of the combined data sets. 
CONSENSUS

